Upon interaction of the CD95 receptor with its ligand, sequential association of the adaptor molecule FADD (MORT1), pro-forms of caspases-8/10, and the caspase-8/10 regulator c-FLIP leads to the formation of a death-inducing signaling complex. Here, we identify polo-like kinase (Plk) 3 as a new interaction partner of the death receptor CD95. The enzymatic activity of Plk3 increases following interaction of the CD95 receptor with its ligand. Knockout (KO) or knockdown of caspase-8, CD95 or FADD prevents activation of Plk3 upon CD95 stimulation, suggesting a requirement of a functional DISC for Plk3 activation. Furthermore, we identify caspase-8 as a new substrate for Plk3. Phosphorylation occurs on T273 and results in stimulation of caspase-8 proapoptotic function. Stimulation of CD95 in cells expressing a non-phosphorylatable caspase-8-T273A mutant in a rescue experiment or in Plk3-KO cells generated by CRISPR/Cas9 reduces the processing of caspase-8 prominently. Low T273 phosphorylation correlates significantly with low Plk3 expression in a cohort of 95 anal tumor patients. Our data suggest a novel mechanism of kinase activation within the Plk family and propose a new model for the stimulation of the extrinsic death pathway in tumors with high Plk3 expression.
Introduction
Apoptosis represents a form of programmed cell death that utilizes two major routes: the death receptor pathway (extrinsic) and the mitochondrial pathway (intrinsic) [1, 2] . Binding of a death ligand like the trimerized CD95L to the tumor necrosis factor (TNF) receptor superfamily members on the cell surface, e.g., CD95 (APO-1/Fas), TNF related apoptosis-inducing ligand (TRAIL) receptors, or TNF receptor 1 (TNFR1), leads to recruitment of the adaptor protein FADD (Fas-associated death domain, MORT1) [3] and caspase-8 and -10 into a death-inducing signaling complex (DISC) [4] . FADD contains a death domain (DD) and a death-effector domain (DED). Via its DD, FADD binds to the DD of CD95 [3] . The DED of FADD recruits the DED-containing procaspase-8 into the DISC. This mechanism triggers caspase-8 activation resulting in the subsequent cleavage of downstream effector caspases [5, 6] . Remarkably, multiple lines of evidence support a key role of CD95 in non-apoptotic signaling pathways that promote tumorigenesis [7] . The presence of CD95 in almost all tumor cells indicates a potential role in tumor development [8] . Hence, apoptotic-and non-apoptotic roles need to be considered when analyzing CD95 signaling in cancer cells.
The activation of the death receptors CD95, TRAILR1 and TRAILR2 was shown to induce cell death in a large variety of cancer cells. These observations provided the rationale for the development of TRAIL-and CD95-re-ceptor agonists, which have demonstrated robust anticancer activity in a number of preclinical studies. For example, agonistic antibodies targeting CD95 are capable of inducing apoptosis in a wide range of cancer cells [9] . However, the systemic treatment of mice with CD95-agonistic antibodies resulted in hepatotoxicity [10] . Considering these results recombinant ligands, such as APO010, have been designed and have entered clinical trials. Similar to TNF and CD95L, TRAIL also induces apoptosis in cancer cells. Most remarkably, the systemic treatment with TRAIL in vivo killed tumor cells without causing toxicity, suggesting a cancer-selective mechanism of action. Despite this promising initial result, clinical trials revealed broad tolerability, and the therapeutic benefit of TRAIL-receptor agonists was rather limited [11] . To develop alternative strategies based on CD95and TRAIL-receptor signaling-mediated apoptosis to combat cancer, research efforts are required to unravel the signal transduction machinery triggered by death receptor ligands, and how the resistance or sensitivity to death receptor-induced apoptosis is controlled.
Protein kinases represent a very attractive family of cancer targets as cancer cells have dysregulated kinase activity that enhances cell proliferation, migration and invasion, and confers apoptosis resistance [12, 13] . In a very broad phylogenetic context, polo-like kinases (Plks) are master regulators of cell cycle progression [14, 15] . Mammalian cells contain multiple Plk family members: Plk1, Plk2/Snk, Plk3/Fnk/Prk, Plk4/Sak and Plk5 [16, 17] . A Plk consists of a conserved N-terminal serine/ threonine kinase domain and a less conserved C-terminal substrate-binding domain, also known as the Polo box domain (PBD) [18, 19] . Plks play a fundamental role in tumorigenesis, operating within a complex signaling network in cancer cells [17, 20, 21, 22] . The subcellular localization, enzymatic activity and substrate interaction of Plks are controlled by their PBD [23] . Plk3 is an immediate early gene [24, 25] . Plk3 has been suggested as a possible tumor suppressor because it was found to be downregulated in certain types of cancer (lung, head and neck) and its genetic locus is located in a chromosomal region that is often involved in the loss of heterozygosity in tumor cells [24, 26] . Although genome-and kinomewide screenings suggest a role of Plk3 in the regulation of apoptotic signaling [27, 28] , the mechanism remains unknown.
Using immunoprecipitation (IP) experiments with Plk3-specific antibodies we searched Plk3-interacting partners that are involved in apoptotic signaling. Our analyses revealed that CD95 and other components of the DISC interact with Plk3 upon CD95 engagement, and this leads to the enzymatic activation of Plk3 via a novel kinase activation mechanism within the Plk family. We identified caspase-8 as a novel substrate of Plk3 that directly phosphorylates procaspase-8 on T273 in cells, promoting its activation, and subsequent proapoptotic function following CD95 receptor stimulation. Caspase-8 threonine phosphorylation identified in our study represents a novel mechanism that mediates extrinsic apoptosis. Remarkably, caspase-8 phosphorylation on T273 correlates with Plk3 expression in a pathological situation such as anal cancer, highlighting Plk3 as a possible enhancer of signals transmitted via the extrinsic death pathway.
Results

Identification of CD95 in immunoprecipitates of Plk3
We first immunoprecipitated Plk3 from different cancer cell lines and searched for signal transducers of apoptosis in the immunoprecipitates using specific antibodies. One of the proteins co-precipitated with Plk3 was the CD95 receptor ( Figure 1A , lane 15 vs 14). Following IP of extracts from HeLa and Jurkat cells that express CD95 at high levels using CD95-or Plk3-antibody, complexes containing CD95 and Plk3 were detected in both cell types ( Figure 1A , lanes 8, 15 ; Supplementary information, Figure S1A , lane 8). Subsequently, we analyzed the association of CD95 and Plk3 in more detail to determine the cellular relevance of our novel findings. In a time course experiment we tested whether stimulation of CD95 by its ligand CD95L influences the intensity of the interaction with Plk3. The IP using CD95-or Plk3-specific antibody revealed that both proteins interact independent of stimulation of the CD95 receptor ( Figure 1A , lanes 8, 15; Supplementary information, Figure S1A , lane 8). Ligand stimulation of CD95 did not further increase the interaction ( Figure 1A , lanes 8-13 and lanes 15-20; Supplementary information, Figure S1A , lanes [8] [9] [10] [11] [12] [13] . IP of Plk3 from CD95-depleted cells showed a reduction of CD95 signals in western blot experiments compared with cells treated with a control siRNA (Supplementary information, Figure S1B ). Pull-down assays with lysates of HeLa cells using the GST-fused intracellular domain of CD95 ( Figure 1B , left panel) as bait confirmed the association with endogenous Plk3 ( Figure  1B , right panel). The quantification of results obtained by using the proximity ligation assay (PLA) corroborated the immediate closeness of both proteins ( Figure 1C ). Furthermore, we performed binding studies with CD95 based on the pull-down assays and IP experiments using full-length Plk3 and various subdomains of Plk3 (Plk3-NT1, -NT2 and -CT1; Figure 1D and 1E). Once again we could confirm the interaction of both full-length proteins and demonstrated that the C-terminal moiety of Plk3 including the interdomain and the PBD of Plk3, but not the N-terminal half of Plk3, associates with CD95 ( Figure  1D and 1E).
Next, we investigated the subcellular localization of Plk3 and CD95 in cells via immunofluorescence microscopy. While we could confirm the localization of CD95 to the cellular membrane in Jurkat and HeLa cells, Plk3 was found predominantly at the inner membrane (Figure 1F and Supplementary information, Figure S1C and S1D). An overlap of Plk3 and CD95 as seen in yellow was found in some regions next to the plasma membrane ( Figure 1F and Supplementary information, Figure S1C and S1D). To analyze Plk3's localization in more detail, we separated the cytoplasmic, membrane, and nuclear-cytoskeletal proteins from HeLa cells and evaluated first in western blots the efficacy of the separation process by monitoring the distribution of different subcellular marker proteins (Supplementary information, Figure  S2A , lower part). Endogenous Plk3 was identified in different compartments depending on the antibody used: while the Abcam antibody labeled Plk3 mostly in the membrane fraction and gave a weak signal in the nuclear-cytoskeletal fraction, the BD antibody identified Plk3 predominantly in the cytoplasm and smaller amounts in the membrane fraction (Supplementary information, Figure S2A ). Stimulation of HeLa cells with CD95L for 2 h did not alter the distribution of endogenous Plk3 (Supplementary information, Figure S2A ). In addition, in Jurkat and HeLa cells Flag-tagged Plk3 was found at the cellular membrane and in HeLa cells also in the cytoplasm akin to the localization of endogenous Plk3 (Supplementary information, Figure S2B ). While the BD antibody recognized predominantly a fast migrating form, the Abcam antibody detected slow migrating forms of endogenous Plk3 in lysates of HeLa and Jurkat cells (Supplementary information, Figures S2A and S1A; Figure 1A ). The incubation of cell lysates with lambda phosphatase did not change the migration pattern of the doublet detected with the Abcam antibody indicating that the difference in migration is not due to phosphorylation of Plk3 (Supplementary information, Figure S2C ). When using the BD antibody we could detect the fast migrating Plk3 isoform in the cytoplasm, and the slow migrating isoform in the membrane fraction (Supplementary information, Figure S2A ). In addition, we examined the binding domains of the antibodies used in our study. Flag-tagged forms of Plk3 and its subdomains were generated for subsequent expression in HEK 293T cells (Supplementary information, Figure S2D ). The polyclonal Plk3 antibody from Abcam labeled the Flag-tagged Plk3-subdomains NT1 and NT2, but not CT1, CT2, NT3 and NT4, indicating the antibody recognizes the N-terminal portion of Plk3 (Supplementary information, Figure  S2E ), which shows low homology compared with other Plk family members. The monoclonal antibody from BD recognized the Flag-tagged Plk3-subdomains CT1, NT2 and NT4, but not NT1, NT3 and CT2, suggesting that it recognizes an epitope located within the linker region connecting the kinase domain and the PBD (Supplementary information, Figure S2E ). Thus, both tested antibodies specifically recognize different, less conserved subdomains of Plk3, consistent with the manufacturers' specifications. The BD antibody distinguished between isoforms/subpopulations of Plk3 in different subcellular compartments.
Figure 1
Plk3 interacts with CD95. (A) Jurkat cells were treated with CD95L and CHX for different time periods. CD95 or Plk3 was immunoprecipitated from cell lysates with anti-CD95 mouse or anti-Plk3 rabbit (Abcam) antibodies. Normal mouse or rabbit IgG was used as a control. The precipitated proteins were immunoblotted for Plk3 and CD95. The Plk3 (Abcam) antibody recognized two bands corresponding to the information by the manufacturer. (B) Schematic representation of the CD95/Fas receptor and the GST-fused cytoplasmic C-terminal subdomain of CD95 (GST-CD95-CT) (left panel). Binding of GST-CD95-CT with endogenous Plk3 was analyzed in pull-down assays. GST-CD95-CT or GST alone (control) was incubated with the lysates of HeLa cells (right panel). Endogenous Plk3 was detected by immunoblotting. (C) The interaction of Plk3 and CD95 was monitored via in situ Proximity Ligation Assay (PLA). HeLa cells were labeled with anti-Plk3 (rabbit) and anti-CD95 (mouse) antibodies. Single antibody staining (Plk3/CD95) was used as a control. Scale bar: 10 µm. The quantification is shown in the right panel. Differences between single and double antibody staining were statistically significant by Student's t-test (*P ≤ 0.05). (D) Schematic representation of recombinant GST-fused full-length Plk3 (GST-Plk3-WT) and truncated forms of Plk3 (GST-Plk3-NT1 and -CT1) (left panel) used in pull-down assays. GST-Plk3-WT or Plk3 subdomains were incubated with Jurkat cell lysates for pull-down assays. Endogenous CD95 was detected by immunoblotting. (E) HEK 293T cells were transfected with Flag-Plk3-WT and its truncated forms (Supplementary information, Figure S2D ) for 24 h. Endogenous CD95 was immunoprecipitated from cell lysates with anti-CD95 mouse antibody. Normal mouse IgG was used as a control. The precipitated proteins were immunoblotted for CD95 and Flag. (F) Co-localization of Plk3 and CD95 with or without CD95L treatment was studied using immunofluorescence microscopy. Cells were stained for Plk3, CD95 and DNA. Representative image acquisition was performed using a confocal laser-scanning microscope (CLSM) and rendering of confocal z stacks was performed using the LAS AF software. Scale bar: 2 µm.
Plk3 associates with procaspase-8
Upon interaction of the CD95 receptor with its ligand, sequential association of the adaptor molecule FADD (MORT1), pro-forms of caspases-8 and -10, and the caspase-8/10 regulator c-FLIP lead to the formation of the DISC [29] . We next tested whether Plk3 interacts with DISC components other than CD95. GFP-Plk3, GFP-Rip3 and Flag-tagged procaspase-8 were co-expressed in HEK 293T cells followed by Flag IP and western blot using GFP-specific antibodies ( Figure  2A ). This analysis confirmed the interaction of Rip3 and procaspase-8 [30] and provided first evidence for an association of Plk3 and procaspase-8 ( Figure 2A ). Pull-down assays with GST-fused procaspase-8 using lysates of HeLa cells demonstrated its interaction with endogenous Plk3 ( Figure 2B ). To investigate the Plk3 interactome, we characterized the Plk3 complex by quantitative mass spectrometry (MS) using a SILAC (stable isotope labeling by amino acids in cell culture)-based strategy. HeLa cells expressing a Flag-tagged version of Plk3 were labeled with heavy stable isotopes of arginine (Arg+10) and lysine (Lys+8), while HeLa cells expressing the Flag-tag only were labeled with light ones (Lys+0, Arg+0). Upon lysis of the two differentially SILAC-labeled cell batches, Plk3 was immunoprecipitated via its Flag-tag in the heavy isotope-labeled lysate; proteins immunoprecipitated in the light-labeled lysate served as a negative control. The immunoprecipitated proteins were analyzed by MS. A protein with an at least threefold enrichment of heavy versus light peptides was considered as specifically co-purified with Plk3. Among the identified interaction partners of Plk3 was caspase-8, supporting the notion that Plk3 participates in signaling downstream of the DISC (Table 1 and Supplementary information, Table S1 ).
Plks are characterized by their PBD, which mediates protein interactions and provides target specificity. Our experiments with full-length Plk3 and its subdomains ( Figure 2C ) demonstrated that both the full-length Plk3 and Plk3-CT1, which comprises of the PBD of Plk3, interact with procaspase-8 ( Figure 2D ). In an IP-analysis of endogenous protein we confirmed the association of procaspase-8 with Plk1 and Cdk1/cyclin B1 in mitotic cells [31, 32] and corroborated the interaction of caspase-8 and Plk3, which is independent of mitosis ( Figure 2E ). Stimulation of CD95 receptor induced processing of procaspase-8 with increasing levels of p18 and p10 (Figure 2F) . Simultaneous IP of procaspase-8, whose levels decline upon CD95 stimulation, showed decreasing amounts of co-precipitated Plk3 ( Figure 2F , right panel). The quantification of the PLA using Plk3 antibodies targeting the N-terminal (Abcam) or the interdomain of Plk3 (BD) confirmed the close proximity of both endogenous proteins in HeLa cells ( Figure 2G , upper and lower panel).
Caspase-8 is phosphorylated at residue T273 by Plk3 in vivo
To investigate the functional role of the interaction of Plk3 and procaspase-8, we co-incubated Plk3, and procaspase-8 expressed in bacteria which undergoes spontaneous autoactivation. First we analyzed whether Plk3 could serve as a substrate for caspase-8. Prolonged incubation did not reduce the level of Plk3 significantly, suggesting that Plk3 is not proteolytically cleaved by caspase-8 ( Figure 3A ). To determine whether procaspase-8 might be an authentic substrate of Plk3, we incubated purified recombinant GST-fused full-length procaspase-8 and its subdomains ( Figure 3B ) with Plk3 purified from baculovirus-infected cells in the presence of [γ 32 P]ATP. While the N-terminal domain (NT) containing DED1 and DED2 was phosphorylated only to a lesser extent, the p18 subunit and procaspase-8 were labeled prominently ( Figure 3C ). In line with previous observations [33, 34] , Flag-tagged, wild-type (WT) Plk3 purified from mammalian cells had the highest kinase activity compared with the phospho-mimicking Plk3 mutant T219D and the kinase-dead Plk3 (K91R) ( Figure  3D ). WT Plk3 phosphorylated the p18 subdomain more efficiently compared with Plk3-T219D and -K91R ( Figure  3D ). Next, we substituted alanine for serine or threonine at all conserved serine and threonine sites within p18 and expressed them as GST-tagged mutants of p18 in bacteria ( Figure 3B ). Kinase assays with Plk3 revealed that p18-T273A was not phosphorylated by Plk3, indicating that the sequence including T273 ( Figure 3E ) is a Plk3 phosphorylation site in vitro. This site is in agreement with the published consensus motif for Plk3 phosphorylation (www.phosphosite.org; Supplementary information, Figure S3A and S3B) and recent data obtained from an analysis of peptide libraries and mass spectrometry [35] (Supplementary information, Figure S3B ). The phylogenetic alignment of the p18 subunit of procaspase-8 revealed that T273 is highly conserved among different species (Supplementary information, Figure S3C ). Next, we examined the phosphorylation of full-length procaspase-8. While the mutation T273A blocked the phosphorylation of p18 completely, it also strongly inhibited the phosphorylation of full-length procaspase-8 suggesting that T273 is the major phosphorylation site for Plk3 in vitro ( Figure 3F ).
The database 'PHOSIDA' [36] that contains 70 000 phosphorylation sites from kinase-enriched samples obtained using a quantitative MS technology provided evi-dence for the phosphorylation of caspase-8 T273 in vivo (Supplementary information, Figure S3D ). To further determine whether procaspase-8 is a bona fide substrate of Plk3, we raised an affinity-purified antibody against a phosphopeptide containing phospho-T273. The new antibody detected caspase-8 and its subunit p18 only after Plk3 phosphorylation (Supplementary information, Figure S4A ). In contrast, mutation of T273 to alanine (Supplementary information, Figure S4B ) or inhibition of Plk3 by increasing concentrations of the small molecule Plk inhibitor BI2536 (Supplementary information, Figure S4C ) or phosphatase treatment of caspase-8 and p18 phosphorylated by Plk3 (Supplementary information, Figure S4D ) abolished the recognition indicating the high specificity of the novel pT273 antibody. In addition, we tested the new antibody for the analysis of procaspase-8 phosphorylated by Plk1 or Cdk1/cyclin B1. An antibody for pS387 recognized procaspase-8 phosphorylated by Cdk1/cyclin B1 (Supplementary information, Figure S4F ), whereas the antibody pT273 did not detect procaspase-8 phosphorylated by Plk1 or Cdk1/cyclin B1 (Supplementary information, Figure S4E and S4F) supporting the specificity of the novel caspase-8 pT273 antibody.
To further explore caspase-8 phosphorylation at T273 in vivo after interaction of the CD95 receptor with its ligand, we tried to knock-down the Plk3 mRNA efficiently by RNAi. However, a recent genome-wide analysis has revealed that high mRNA turnover rates are associated with reduced susceptibility to silencing by siRNA [37] . Within the Plk family, Plk3 was shown to have the highest turnover rate, which could explain why an efficient depletion is hard to obtain [37] . As an alternative strategy for the inhibition of Plk3 function, we overexpressed the Plk3-PBD, which represents the binding domain for the association with caspase-8, as dominant negative form of Plk3. This led to reduced phosphorylation at T273 predominately detectable in the proteolytic intermediate p43/41 of caspase-8 after 3.5-6 h of CD95 stimulation ( Figure 4A , left panel). In the PBD-overexpressing cells, the processing of procaspase-8 was downregulated accompanied by low levels of p18 ( Figure 4A , left panel) and reduced caspase-8 activity with a significance of p ≤ 0.0005 after 6 h of CD95 stimulation ( Figure 4A , right panel) as compared with mock transfected cells, suggesting that the inhibition of Plk3 function might hamper CD95L-induced processing of procaspase-8. Moreover, clinical Plk inhibitors, BI2536 and BI6727, which not only inhibit Plk1, but also Plk2 and Plk3, were used to reduce Plk3 activity [17, 20, 38, 39] . Both inhibitors downregulated phosphorylation of caspase-8 at T273 at least partially as demonstrated by monitoring the phosphorylation of the caspase-8 intermediate p43/41 ( Figure 4B , left panel) and downregulated Plk3 activity in kinase assays ( Figure 4B , right panel). In addition, we tested two Plk3 knock-out (KO) HAP1 clones that were generated using the CRISPR/Cas9 system ( Figure 4C , Supplementary information, Figure S5C ). Sequencing of the genomic DNA confirmed a deletion at the target site that leads to a KO of Plk3 (Supplementary information, Figure S5A , left panel). By reverse transcription we generated cDNA from mRNA isolated from WT and KO cells and analyzed the presence of the CRISPR/ Cas 9-generated deletion in Plk3 mRNA. Sequencing of the Plk3 cDNA confirmed the CRISPR/Cas 9-generated deletion in the Plk3 mRNA. We performed a PCR using a 5′ primer located within the deleted region and a 3′ primer matching to the downstream Plk3 sequence. Only the WT cDNA but not the deleted form gave rise to a PCR signal (Supplementary information, Figure S5A , right panel). To monitor Plk3 protein expression, we performed immunofluorescence staining, and confirmed the KO of the Plk3 expression (Supplementary information, Figure S5B ). The experiment also showed a background staining of the Abcam antibody.
In different Plk3-KO clones stimulated with CD95L neither caspase-8 phosphorylation at T273 nor caspase-8 processing was detectable ( Figure 4C In order to stably KO the expression of procaspase-8 in the HeLa cells, a 20 nucleotide target sequence located within its exon 7 was selected, and inserted into the CRISPR vector for subsequent transfection of HeLa cells. Single clones were selected and checked for the expression of procaspase-8 ( Figure 4D , upper left panel). For a rescue experiment we used procaspase-8 KO cells and replaced caspase-8 by similar amounts of transfected procaspase-8 (WT) or its mutants (T273A, T273D; Figure 4D , upper right panel). The replacement with the non-phosphorylatable T273A mutant followed by CD95-stimulation led to very little caspase-8 processing as monitored by the levels of p18 ( Figure 4D , upper right panel). In contrast, the T273D mutant or procaspase-8 (WT), which is phosphorylated at T273 in HeLa cells upon receptor stimulation, showed higher levels of activation ( Figure 4D , upper right panel). Moreover, we performed Caspase-Glo 8 assays to analyze the activity of both phospho-mimic (T273D) and dephospho-mimic (T273A) mutants of procaspase-8 that were expressed in caspase-8-KO cells. Upon CD95 stimulation the T273D mutant showed a significant increase of enzymatic activity of caspase-8 and -3/7 compared with T273A-expressing cells ( Figure 4D , lower panels).
Interaction of the CD95 receptor with its ligand stimulates Plk3 activity
Our experiments have shown an increase of T273 phosphorylation in the proteolytic intermediate p43/41 of procaspase-8 in whole HeLa cell lysates 3.5-4 h after addition of CD95L ( Figure 4A and 4B). We also tested the colorectal cancer cell line HCT 116 and observed an increase of the T273 phospho-signal and caspase-8 processing 2 h following stimulation (Supplementary information, Figure S5D , upper panel). To study the T273 phosphorylation at the membrane, where the association of CD95 and Plk3 occurs, the membrane fraction was subjected to further analysis. HeLa cells and CD95-depleted HeLa cells were both treated with CD95L: in the membrane fractions the phosphorylation at T273 of procaspase-8 and p43/41 was weak without CD95L stimulation, but 1 h later a strong phospho-signal in- With Flag-Plk3 co-immunoprecipitated proteins with a "normalized heavy/light ratio" (H/L) of > 3 were considered as high-confidence members of the Plk3 interactome; see Supplementary information, Table S1 for the original data of the complete mass spectrometric analysis. tensity was visible, which was clearly reduced at 2 h of stimulation, likely due to further procaspase-8 processing ( Figure 5A ). Depletion of CD95 almost completely blocked phosphorylation of caspase-8 ( Figure 5A ). In parallel, immunoprecipitated Plk3 from CD95-stimulated Jurkat ( Figure 5B ) or HeLa (Supplementary information, Figure S5E ) cells was subjected to in vitro kinase assays showing that Plk3 activity using caspase-8 or p18 as substrates was detectable after 30 min in Jurkat cells or 1 h in HeLa cells and increased with time ( Figure 5B and Supplementary information, Figure S5E , lower panel).
In addition, to verify the activation of Plk3, we tested the artificial substrate casein and the authentic substrate p53. An increasing phosphorylation of both proteins could be detected upon ligand stimulation of CD95 ( Figure 5C and Supplementary information, Figure S5D , lower panel) supporting the model of Plk3 activation upon CD95 stimulation. To investigate this mechanism in another caspase-8-dependent pathway, cells were treated with the death ligand TRAIL ( Figure 5D ). Upon stimulation with TRAIL, procaspase-8 processing, enzymatic activation and phosphorylation at T273 took place in HeLa ( Figure  5D ) and A549 cells (Supplementary information, Figure  S5F , left and right panels) showing the stimulation with both ligands, CD95L and TRAIL, leads to an increase of caspase-8 phosphorylation at T273 ( Figure 5D , lower panel). Simultaneous treatment of cells with the Plk inhibitor BI6727 blocked the phosphorylation of caspase-8 completely (Supplementary information, Figure S5G ) indicating that Plk3 could be activated by two stimuli, CD95L and TRAIL.
Recently, it was demonstrated that the binding of the PBD of Plk1 to a target protein/substrate at the proper subcellular location can disrupt the intramolecular interaction between the PBD and kinase domain (KD) and re-lieve the inhibition of Plk1's kinase activity by the PBD [40] . To find out whether procaspase-8 as PBD-binding protein might play a similar role for the activation of Plk3, we expressed increasing amounts of procaspase-8 in cells expressing the myc-tagged N-terminal (including the KD) and the V5-tagged C-terminal portion (including the PBD) of Plk3 (Supplementary information, Figure  S6A ). IPs with myc-or V5-specific antibody revealed in the absence of procaspase-8 an interaction of the tagged KD-and the PBD-containing domains (Supplementary information, Figure S6A and S6B) . Simultaneous expression of both domains with low amounts of procaspase-8 seemed to stabilize the interaction, but upon a certain threshold of procaspase-8 expression the interaction between two Plk3 domains decreased (Supplementary information, Figure S6B , right panel). In addition, we stimulated cells expressing the myc-tagged N-terminal and the V5-tagged C-terminal portion of Plk3 with CD95L (Supplementary information, Figure S6C ). The anti-myc IP revealed directly after stimulation an increased binding of the KD-and PBD-containing domains followed by their partial dissociation suggesting that Plk3 is regulated at the DISC through the modulation of the interaction of the KD-and PBD-containing domains. Upon dissociation of both domains coprecipitated procaspase-8 was increasingly phosphorylated at T273 (Supplementary information, Figure S6C , right panel). 
DISC formation is required for Plk3 activation
Although our previous experiments suggest that Plk3 associates with CD95 and procaspase-8, the role of DISC formation for Plk3 activation remains elusive. Engagement of CD95 by CD95L results in receptor aggregation and recruitment of the DD-containing adaptor protein FADD/MORT1 to the intracellular domain of CD95 through homophilic DD/DD interaction. Recruitment of the procaspase-8, which has two DED motifs within its prodomain [41, 42] , occurs through a DED/DED interaction with FADD leading to DISC formation [3] . Since we could show that stimulation of the extrinsic pathway with CD95L or TRAIL is associated with an increase of Plk3 activity, we investigated whether DISC formation plays a role for Plk3 activation. Following CD95L treatment, FADD started to associate with Plk3 within 2 min ( Figure  6A ). Fractionation of cytoplasm and membrane revealed that the interaction of FADD and Plk3 took place at the membrane ( Figure 6B ). PLA demonstrated that the association of FADD and Plk3 increased upon CD95 stimulation ( Figure 6C , left and right panels). Depletion of FADD prevented processing of procaspase-8 upon CD95 stimulation ( Figure 6D ), phosphorylation of procaspase-8 at T273 ( Figure 6D ) and activation of Plk3 as demonstrated in an in vitro kinase assay using procaspase-8 as substrate ( Figure 6E, right panel) . The depletion of CD95 also prevented activation of Plk3 ( Figure 6F , lower panel). In caspase-8 KO cells the processing of procaspase-8 could not take place upon CD95 stimulation ( Figure 6G , upper panel), and CD95 stimulation failed to activate Plk3 in an in vitro kinase assay ( Figure 6G , lower panel). Taken together, depletion of FADD, CD95 or KO of caspase-8 prevented Plk3 activation upon CD95 stimulation, suggesting that the DISC formation is required for the activation of Plk3.
Caspase-8 is phosphorylated on T273 in primary anal cancer
We have demonstrated that the activation of Plk3 in a physiological situation such as CD95L treatment triggers caspase-8 phosphorylation. We therefore asked whether caspase-8 T273 phosphorylation occurs in pathological situations including anal cancer where Plk3 shows different levels of expression. We speculated that T273 phosphorylation of caspase-8 may represent a new mechanism through which Plk3 activity in transformed cells determines the signaling intensity of the extrinsic death pathway. Considering the functional and clinical importance of cytotoxic T lymphocytes bearing CD95L in gastrointestinal tumors [43] , we analyzed a cohort of 95 anal cancer patients using antibodies against Plk3 and pT273 caspase-8 ( Figure 7A-7D ). Using our novel phospho-specific antibody we were able to show that caspase-8 is phosphorylated on T273 in primary anal cancer tissues ( Figure 7A and 7C) . The median pT273 caspase-8 index for all 95 patients was 2.2% with a range of 0% -4.6%. The weighted score (WS) of Plk3 expression (intensity [1] [2] [3] × percentage [0-4]) showed a significant correlation with pT273 caspase-8 signals in corresponding tumor tissues (p = 0.01; Figure 7E ). Because of the limited number of patients, the weighted score for Plk3 expression was arbitrarily dichotomized: a Plk3 score of 6 or below was classified as "low Plk3 expression", and a score above 6 as "high Plk3 expression". The correlation of this dichotomized variable with pT273 caspase-8 signal intensity was determined ( Figure 7F ). The median pT273 caspase-8 signal was significantly reduced (p = 0.001) in tumors with a low Plk3 expression.
The 5-year cumulative incidence of local failure (i.e., non-complete response at re-staging after chemoradiation or locoregional relapse after initial complete response) and distant metastases were significantly reduced in Figure 6 Plk3 interacts with FADD and DISC formation is required for Plk3 activation. (A) HeLa cells were treated with CD95L and CHX for the indicated time periods. Endogenous FADD was immunoprecipitated with rabbit anti-FADD and immunoblotted against Plk3 and FADD. (B) Jurkat cells were treated with CD95L and CHX for the indicated time periods. Cytoplasmic and membrane fractions were separated using hypotonic buffer. Endogenous FADD was immunoprecipitated with rabbit anti-FADD and immunoblotted for Plk3 and FADD. (C) The potential interaction between Plk3 and FADD was monitored via in situ PLA. HeLa cells were treated with CD95L and CHX for the indicated time periods and labeled with the anti-Plk3 (rabbit) and anti-FADD (mouse) antibodies. Single antibody staining (Plk3 or FADD) was used as a control. Scale bar: 10 µm. The quantification is shown on the right. Each bar represents the mean value ± SD (n = 3). The differences between single and double antibody staining were statistically significant by Student's t-test (*P ≤ 0.05). (D) HeLa cells were transfected with FADD siRNA (siFADD) or a control siRNA (siC) for 48 h followed by the treatment with CD95L and CHX for the indicated time periods. The lysates were immunoblotted against Plk3, FADD, caspase-8, cleaved caspase-8, pT273 caspase-8 and GAPDH. (E) HeLa cells were transfected with FADD siRNA (siFADD) or a control siRNA (siC). Cells were treated with CD95L and CHX for the indicated time periods. The lysates were immunoblotted against FADD (left panel). Immunoprecipitated endogenous Plk3 was incubated with recombinant GST-fused procaspase-8 for an in vitro kinase assay. Samples were immunoblotted against pT273 caspase-8, GST and Plk3 (right panel). (F) HeLa cells were transfected with CD95 siRNA (siCD95) or a control siRNA (siC) and then treated with CD95L and CHX for the indicated time periods. Lysates were immunoblotted against Plk3 and CD95 (upper panel). Immunoprecipitated Plk3 was incubated with GST-fused procaspase-8 for an in vitro kinase assay. Samples were immunoblotted against pT273 caspase-8, GST and Plk3 (lower panel). (G) HeLa Casp8-WT and Casp8-KO cells were treated with CD95L and CHX for the indicated time periods. Lysates were immunoblotted against Plk3, caspase-8, cleaved caspase-8, pT273 caspase-8 and vinculin (upper panel). Immunoprecipitated Plk3 was incubated with GST-fused procaspase-8 for an in vitro kinase assay. Samples were immunoblotted against pT273 caspase-8, GST and Plk3 (lower panel).
patients with a high pT273 caspase-8 expression (8% vs 39.6%, P = 0.001) and (9.2% vs 20.9%, P = 0.033), while a high Plk3 immunoreactivity was significantly related to a reduced local (13.7% vs 37.1%, P = 0.011) but not to distant failure (11% vs 22.2%, P = 0.13). Moreover, 5-year disease-free (DSF) and overall survival (OS) was superior for tumors showing a high pT273 caspase-8 signal (DSF: 91% vs 74%, P = 0.02 and OS: 87% vs 60%, P = 0.002) and high Plk3 expression (DSF: 90% vs 69%, P = 0.02 and OS: 79% vs 83%, P = 0.03) compared with patients with low pT273 caspase-8 signals and low Plk3-expressing carcinomas. Taken together, our study reveals a correlation between the level of Plk3 protein expression and the phosphorylation of procaspase-8 at T273 in primary cancer tissues. Moreover, our data demonstrate the prognostic significance of pT273 caspase-8 staining for anal cancer patients.
To investigate whether caspase-8 phosphorylation at T273 could modulate caspase-8 activity in gastrointestinal cancer cells, we used plasmid titration as an efficient method to vary the expression rate of Plk3 ( Figure 7G , left panel). Immunoblot with our phospho-specific antibody revealed that the upregulation of Plk3 expression correlates with increasing levels of caspase-8 phosphorylation at T273 following CD95 stimulation. Remarkably, strong Plk3 expression sensitized cells to CD95-mediated apoptosis as indicated by increasing levels of p18 and caspase-8 activity upon CD95 stimulation ( Figure 7G , left and right panels) supporting the idea that phosphorylation of T273 enhances caspase-8 activity in gastrointes-tinal cancer.
Discussion
The activation of the DISC within the CD95/CD95L system occurs through an "induced proximity" mechanism involving dimerization of procaspase-8 molecules, which facilitates activation through subsequent self-processing [5, 44] . However, our knowledge about the complex mechanisms that regulate this apoptotic pathway in the context of cancer development is still incomplete. Various reports revealed that the overexpression of exogenous Plk3 induces apoptosis [45, 46] . Moreover, a genome-wide screen revealed Plk3 as modulator of caspase activity [27] . A kinome-wide screening for modulators of cisplatin response in ovarian cancers found that the inhibition of Plk3 sensitized SKOV3 cells to cisplatin [28] . Despite these indications that Plk3 regulates apoptosis the mechanistic details remain completely elusive.
Here, we report the constitutive association of Plk3 to CD95 in different types of cancer cells. Plk3 binds with its C-terminal moiety, which includes the interdomain and the PBD, to CD95 ( Figure 1D and 1E) . This is the first example for an interaction of a cell surface receptor with a member of the Plk family. Various studies have described the association of transmembrane receptors to downstream protein kinases, but this interaction requires the stimulation of the receptor by their corresponding ligands [47, 48, 49 ]. An example is that of TRANCE, a TNF family member, and its receptor, TRANCE-R, which regulate dendritic cell and osteoclast function. TRANCE activates the antiapoptotic serine/threonine kinase Akt/PKB through a signaling complex including c-Src and TRAF6, which is recruited to the TRANCE-R upon receptor engagement [50] . As a consequence of this association, TRAF-6 increases the kinase activity of c-src leading to phosphorylation of downstream substrates. However, the constitutive association of CD95 with protein kinases that is independent of extracellular stimuli as we describe here for CD95 and Plk3 has not been report-ed yet.
Upon CD95 stimulation with its ligand and the DISC formation the kinase activity of Plk3 was found to be upregulated (Supplementary information, Figure S7A ). Depletion or KO of individual DISC components blocked processing of procaspase-8 and enzymatic activation of Plk3 (Supplementary information, Figure S7A ). Previous reports have documented that Polo kinases are regulated by phosphorylation and proteolysis [51] . Human Plk1 has been shown to be activated in mitosis by phosphorylation at S137 and T210 by Aurora kinases as well as by binding of a phosphorylated peptide to the PBD [40, 51] . In mammalian cells, this activation is supported by Bora, which may help to open the closed conformation of Plk1 and thereby expose the T-loop to upstream activating kinases. Remarkably, while a phospho-mimicking mutation at T210E increases the kinase activity of Plk1 markedly [52] , the corresponding mutation in Plk3 (T219D) blocked kinase activity ( Figure 3D ). Functional studies on Plk3 have not provided evidence yet that a phosphorylation of the T-loop is required for the activation of its kinase activity. While the constitutive association with the CD95 receptor is not sufficient for the enzymatic activation of Plk3, the CD95L induced assembly of the DISC was found to be required for the activation of Plk3 (Supplementary information, Figure S6D ). In the case of Plk1 the binding of the PBD to phosphorylated targets at the proper subcellular location facilitates the dissociation of the PBD from kinase domain thereby relieving the inhibition of the PBD. The interaction of the PBD of Plk3 to DISC components could have a similar function for relieving its inhibitory impact on the kinase domain. Our data indicate that in the presence of sufficient procaspase-8 that is recruited to the DISC upon stimulation of the CD95 receptor the association of the KD with the PBD-containing domain of Plk3 is impaired by binding of procaspase-8 to the Plk3-PBD (Supplementary information, Figure S6D ). This is accompanied at least with a partial activation of Plk3. In summary, the mechanisms that activate Plk3 seem to have common traits compared with Plk1. Novel insights on the regulation of Plk3 by phosphorylation and structural information on Plk3 with DISC components like procaspase-8 is required to improve our understanding of the activation of Plk3 at the DISC.
Moreover, we could demonstrate that Plk3 phosphorylates procaspase-8 at T273 in vitro and in vivo. The association of both proteins is mediated by the PBD of Plk3. Previously, it was shown that phospho-Ser/ Thr-containing motifs bind the PBD from Plk1 [53] . However, the PBD is also capable of binding proteins that are unphosphorylated as has been shown for micro-tubule-associated protein Map205 [54] . Another example of a noncanonical interaction was shown for the Plk1 homologue, Cdc5 in yeast, which interacts with the yeast protein Dbf4 [55] . Dbf4 associated with the Cdc5's PBD through a noncanonical R-S-I-E-G-A protein motif in Dbf4, which is not phosphorylated. Despite mutations in the PBD pincer it still interacts strongly to Dbf4 indicating that regions other than the classical pincer domain could mediate the interaction. Although we do not know yet whether the interaction of Plk3 with caspase-8 is phospho-dependent, the phosphorylation of caspase-8 by Plk3 is the first example for a pro-apoptotic phosphorylation of procaspase-8. Previous studies described phosphorylation events at Y380 by Src, S305 by Plk1, S364 by p38-MAPK, S387 by Erk1/2 and Cdk1/cyclin B1 within procaspase-8 that inhibit its processing [32, 56, 57, 58] . Our study demonstrates the phosphorylation of the catalytic subunit p18 at T273 by Plk3. Using embedded-atom potential-based molecular-dynamics simulations, we found that a phosphorylation at this site, which is located in the second helix of the p18 subunit, is oriented exactly toward the second catalytic subunit, p10 (Supplementary information, Figure S7B ). By interacting with R430, C426 or the backbone of p10 the phosphorylation of T273 could increase the affinity or stability of the catalytically active heterodimer thereby increasing the overall activity of caspase-8. Interestingly, the ribosomal S6 kinase 2 (RSK2), a member of the p90 ribosomal S6 kinase (p90RSK) family was reported to phosphorylate caspase-8 at T263 thereby mediating caspase-8 ubiquitination and degradation through the proteasome pathway [59] . Despite the close vicinity of both phosphorylation sites we could not detect reduced stability of procaspase-8 phosphorylated at T273 compared with the non-phosphorylated counterpart. Remarkably, S305 in procaspase-8 is phosphorylated by Plk1 during mitosis [31, 32] . By phosphorylating S387 in procaspase-8, Cdk1/cyclin B1 generates a phospho-epitope for the binding of the PBD of Plk1 [31] . As overexpression of Plk1 and Plk3 were previously shown to have opposing effects on the survival of mammalian cells: promoting carcinogenesis versus induction of apoptosis [45, 46, 60] , their roles (anti-apoptotic versus pro-apoptotic) in the regulation of caspase-8 is in line with previous studies.
The expression of Plk3 in human cancer was found to be reduced in head and neck, lung and liver [61] . We analyzed the profile of caspase-8 in primary anal cancer and studied whether caspase-8 may be less phosphorylated at T273 in the pathological situations where Plk3 is downregulated. High Plk3 expression correlated with phosphorylation of caspase-8 at T273. High levels of Plk3 in cells of gastrointestinal origin showed high sensi-tivity toward CD95 stimulation compared with low Plk3 expressing cells. We could demonstrate for the first time that high Plk3 protein expression and high pT273 levels provide a survival benefit for cancer patients, highlighting the tumor suppressor function of Plk3 in human cancer. The observed correlation of Plk3 expression and T273 phosphorylation indicates that Plk3 expression in cancer tissues modulates the sensitivity of the extrinsic death pathway in primary tissues. Notably, a reduced local tumor control and distant failure significantly correlated with the pT273 signal, while only local failure correlated with high Plk3 immunoreactivity. This could indicate the presence of additional kinases that may activate caspase-8 by phosphorylation on T273 especially during metastatic progression or the presence of yet unknown factors which may increase the activity of Plk3 within the local tumor tissue. Among these factors, local accumulation of CD8 + tumor infiltrating lymphocytes carrying the CD95L may contribute to elevated levels of Plk3 activity. Supporting this assumption, recent findings indicate favorable survival rates in patients with anal cancer presenting a high density of intratumoral CD8 + cells [62] . Whether the presence of infiltrating CD8 + cells influences the activity of Plk3 and the level of pT273 caspase-8 in cancer cells is currently under investigation in our laboratory.
Materials and Methods
Antibodies
The following antibodies were used according to the respective manufacturers' recommendations -(1) Abcam: To generate a polyclonal antibody against caspase-8 phosphorylated on T273, rabbits were immunized using the caspase-8-peptide containing phospho-T273 (C-GALTT(pT)FEELHFE-amide). The antibodies were affinity purified. Phospho-Caspase-8 (pS387) antibodies were generated and tested in our laboratory [31] . Secondary antibodies against rabbit (NA934V) and mouse (NXA931) primary antibodies were obtained from GE Healthcare.
Cell culture and transfection
Cell lines were purchased from ATCC and cultured according to their guidelines. Parental Plk3-WT and Plk3-KO (HZGH-C003037c002 and HZGHC003037c011) HAP1 cells were purchased from Horizon Genomics. DNA and siRNA transfections were performed using TurboFect™ in vitro Transfection Reagent (Fermentas) and LipofectamineRNAiMAX Transfection Reagent (Invitrogen), respectively according to the manufacturer's instructions. Cell lysis was performed in RIPA buffer as described [63] . The control siRNA (siC) was from Qiagen, siCD95/Fas (sc-29311) and siFADD (sc-35352) from Santa Cruz Biotechnology.
Generation of plasmids and mutagenesis
Primer sequences used here will be provided upon request. Deletion fragments of CD95, Plk3 and procaspase-8 were generated by standard techniques. Site-directed mutagenesis was performed using the QuikChange protocol and PfuUltra II Fusion HS DNA polymerase (Stratagene). Procaspase-8-WT, its subfragments (NT, p18, p10) and its mutants were inserted into the HindIII/XbaI sites of the pGEX 5X-3 vector (GE Healthcare). 3 × Flag-tagged procaspase-8-WT and its mutants (T273A, -T273D) were inserted into the BamHI/XbaI sites of the pcDNA3.1-V5 vector (Invitrogen). Plk3-WT and its subfragments were inserted into the BamHI and EcoRI sites of the Myc-, V5-or 3xFlag-tagged pcDNA3.1-Hygro+ vector (Invitrogen) and the pGEX 5X-3 vector. All constructs were confirmed by sequencing.
Generation of Casp8-and Plk3-KO cell lines using the CRISPR/Cas9 system
To stably KO the expression of procaspase-8 in HeLa cells, selected sequences were individually inserted into the CRISPR vector pXH1 within the BamHI/BbsI restriction sites. pXH1 was generated by exchanging the U6 promoter of the pX260 vector with a human H1-promoter for high frequency expression of sgRNA. Sequences for sgRNAs used in the present study will be provided upon request. Cells were transfected with the CRISPR vector and selected for 72 h in medium containing Puromycin (0.75 g/ml). Subsequently single clones were selected through serial dilution. Clones were verified by PCR and sequencing.
Parental Plk3-WT and Plk3-KO (HZGHC003037c002 and HZGHC003037c011) HAP1 cells were purchased from Horizon Genomics. HAP1 Plk3-KO clones were engineered using CRIS-PR/Cas9. Exon 2 (NM_004073) was selected for guide RNA design (GCTGATGCGGCTTGGCGACG). Both HAP1 clones contain a 13 bp deletion in exon 2, causing a frameshift in Plk3 gene.
Separation of subcellular compartments
Cytoplasmic, nuclear, membrane and cytoskeletal proteins were extracted using a Compartmental Protein Extraction Kit (Millipore). Cytosolic and membrane separation from Jurkat cells was performed using hypotonic buffer.
Immunoprecipitation and GST pull-down
Cell lysates were incubated with Protein G Sepharose beads (GE Healthcare) and the specific antibody overnight at 4 °C. Immunoprecipitates were washed 3× with ice-cold buffer (20 mM Tris-HCl pH 8.2, 150 mM NaCl, 1% (v/v) TritonX-100). GST pull-down assays were performed as previously described [31] .
Apoptosis induction and analysis
To induce apoptosis, cells were stimulated with SuperFasLigand (100 ng/ml) or SuperKillerTRAIL (50 ng/ml) (Enzo Life Sciences) in the presence of 1 µg/ml of cycloheximide (CHX, Sigma-Aldrich). Overall apoptosis was measured by staining the cells with Annexin V (556422, BD Biosciences)/7 AAD (559925, BD Biosciences) according to the manufacturer's protocol followed by their analysis using a FACScan (BD Biosciences). The early necrotic cells were considered to be Annexin V negative but 7 AAD positive, the apoptotic cells were considered to be positive for both Annexin V and 7 AAD [64] . The data were analyzed using the BD Cell Quest pro software (version 5.2.1, BD). Overall apoptosis was presented as the mean value ± SD (n = 3). The significance of differences between populations of data was assessed according to the Student's two-tailed test (*P ≤ 0.05; **P ≤ 0.005; ***P ≤ 0.0005).
In vitro kinase assay
This assay using recombinant purified Plk3, Plk1 and Cdk1 (Pro-Qinase), respectively was performed as described previously [31] .
Caspase-8 and -3/7 assay
Caspase-Glo 8 and -Glo 3/7 assay kits (Promega) were used according to the manufacturer's instructions. The measured luminescence (RLU) was presented as the mean value ± SD (n = 3). The significance of differences between populations of data was assessed according to the Student's two-tailed test (*P ≤ 0.05; **P 0.005; ***P ≤ 0.0005).
Immunofluorescence assays
Cells were fixed and permeabilized with methanol (−20 °C). Mouse monoclonal anti-α-Tubulin-FITC antibody (Sigma-Aldrich) was used for staining of cytoskeleton. FITC goat anti-mouse (Alexa Fluor 488), Cy3 goat anti-rabbit (Alexa Fluor 594), goat anti-rat (Alexa Fluor 647) (Invitrogen) were used as secondary antibodies. DNA was stained using DAPI (4′,6-diamidino-2-phenylindol-dihydrochlorid) (Roche). Slides were examined using an Axio Imager 7.1 microscope (Zeiss), images were taken at room temperature using an inverted confocal laser-scanning microscope (CLSM) (Leica CTR 6500). Z stacks with optical sections of 1-µm intervals were collected using a 40×, 1.3 NA, and 60× oil, 1.4 NA, objective lenses and the LAS AF acquisition and imaging software (Leica). 3D rendering of confocal z stacks was performed using the LAS AF software (Leica).
Proximity ligation assay (PLA)
The assay was performed according to the manufacturer's (Olink Biosciences) protocol. DNA was stained with DAPI, cytoskeleton with a FITC-labeled α-tubulin antibody. The slides were analyzed using an Axio Observer microscope (Carl Zeiss), imaged and analyzed using the Axio Vision software (version 4.8.2.0, Carl Zeiss). The mean number of fluorescent dots was determined by counting of dots in three different fields, each field having approximately 15-20 cells (means ± SD). The significance of differences between single and double antibody staining was assessed according to the two-tailed Student's t-test (*P ≤ 0.05; **P ≤ 0.005; ***P ≤ 0.0005).
Mass spectrometry and data acquisition
Metabolic labeling of HeLa cells via SILAC was performed as described [65] . The proteins purified from the light and heavy-labeled cell batches were mixed in equimolar amounts and were analyzed by mass spectrometry as described [66] . Proteins with a "normalized heavy/light ratio" of > 3 were considered as high-confidence members of the Plk3 interactome. The full list of identified/quantified proteins is given in Supplementary information, Table S1 .
Patients' characteristics
After institutional review board approval, 95 patients, treated homogeneously with curative intent 5-fluorouracil (5-FU)/mitomycin C-based chemoradiotherapy (CRT) for anal squamous cell carcinoma at the Departments of Radiotherapy of the University Hospital (Frankfurt) and of the University Medical Center (Göttingen) who provided informed consent, were included in this study [67] .
Scoring for Plk3 expression and phosphorylation of Caspase-8-T273
Pretreatment formalin-fixed, paraffin-embedded (FFPE) biopsy tissue was subject to an standardized horseradish peroxidase technique (DAKO Envision Flex) with primary anti-Plk3 (Abcam) and pT273 caspase-8 antibodies applied at a 1:100 dilution. Plk3 immunoreactivity was analyzed considering both the percentage of positive cells (1 (0%-25%), 2 (26%-50%), 3 (51%-75%) and 4 (> 75%)) and the intensity of staining scored as 1+ (weak), 2+ (moderate) and 3+ (intense). These parameters were multiplied to produce an individual weighted score (WS). A WS ≤ 6 was defined as "low" and a WS of > 6 as "high" Plk3 expression. Phosphorylation of caspase-8-T273 was assessed by dividing the number of positive tumor cells by the total number of tumor cells, multiplied by 100 and a correlation to the Plk3-WS was analyzed according to a Spearman's rank test. Disease-free (DFS) and overall survival (OS) were defined as the time of start of CRT to death by anal cancer or any reasons or the day of the last follow-up. Survival parameters were determined according to the Kaplan-Meier method and significances were calculated by the log-rang test using SPSS 21 software.
Statistical methods
All experiments were performed at least in triplicate. Standardization and statistics were determined as described [68, 69] . For paired t-tests, all experimental groups were compared with their respective groups. Significant differences (*P ≤ 0.05; **P ≤ 0.005; ***P ≤ 0.0005) are indicated in the figures with asterisks.
